OSS-
ura4 reporter insertion used in this study is indicated. Comparative growth assay of the serially diluted dos1 null strain with the centromeric otr1R::ura4 reporter expressing the indicated Dos1 fragments from a plasmid. Strains were examined for growth on pombe glutamate media (PMG) lacking leucine and supplemented with 1 g/L 5-FOA (+FOA -Leu), PMG media lacking uracil and leucine (−Ura −Leu), and PMG media lacking leucine (-Leu). Cells were always grown on a PMG medium lacking leucine to select for Dos1 expressing plasmid. (B) OSS-Rik1AC was coexpressed with FLAG-Dos1 truncations and pulled down with Strep-Tactin beads to detect whether the interactions are still preserved in Dos1 truncations. Kaposi's sarcoma-associated herpesvirus (KSHV) latently infects tumor cells and persists as a multiple-copy, extrachromosomal, circular episome. To persist, the viral genome must replicate with each cell cycle. The KSHV latency-associated nuclear antigen (LANA) mediates viral DNA replication and persistence, but little is known regarding the underlying mechanisms. We find that LANA recruits replication factor C (RFC), the DNA polymerase clamp [proliferating cell nuclear antigen (PCNA)] loader, to drive DNA replication efficiently. Mutated LANA lacking RFC interaction was deficient for LANA-mediated DNA replication and episome persistence. RFC depletion had a negative impact on LANA's ability to replicate and maintain viral DNA in cells containing artificial KSHV episomes or in infected cells, leading to loss of virus. LANA substantially increased PCNA loading onto DNA in vitro and recruited RFC and PCNA to KSHV DNA in cells. These findings suggest that PCNA loading is a rate-limiting step in DNA replication that is incompatible with viral survival. LANA enhancement of PCNA loading permits efficient virus replication and persistence, revealing a previously unidentified mechanism for KSHV latency. K aposi's sarcoma-associated herpesvirus (KSHV or human herpesvirus 8) has a causative role in Kaposi's sarcoma, primary effusion lymphoma (PEL), and multicentric Castleman disease (1) (2) (3) (4) . KSHV infection of tumor cells is predominantly latent. During latent infection, the viral genome persists as a multicopy, circular, extrachromosomal episome (plasmid) (5, 6) . To persist, the genome must replicate and segregate to progeny nuclei with each cell division. Latency-associated nuclear antigen (LANA), a 1,162-residue protein, is one of a few KSHV genes expressed in latency. LANA is necessary and sufficient for episome persistence in the absence of other viral genes (7, 8) . Both N-terminal LANA (N-LANA) and C-terminal LANA (C-LANA) are essential for function. N-LANA associates with mitotic chromosomes via binding histones H2A/H2B, and C-LANA simultaneously binds KSHV terminal repeat (TR) DNA (7, (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Thus, LANA tethers the viral genome to host chromosomes and distributes viral DNA to daughter nuclei during mitosis. Importantly, LANA, which lacks enzymatic function, also mediates KSHV TR DNA replication (10, (21) (22) (23) through recruitment of host cell machinery, but little is known regarding the details of this process.
We recently identified an internal 59-aa LANA region critical for efficient DNA replication and persistence (24, 25) . Here, we find that LANA recruits replication factor C (RFC), the DNA polymerase clamp [proliferating cell nuclear antigen (PCNA)] loader (26) , through this sequence to mediate viral DNA replication and episome persistence.
Results
LANA Associates with RFC. To persist in replicating cells, KSHV genomes must replicate with each cell division and faithfully segregate to progeny nuclei. N-LANA and C-LANA are essential for this process. We recently showed that internal LANA residues 262-320 are also critical for efficient DNA replication and persistence.
To gain insight into the molecular mechanism underlying these effects, we sought to identify host cell protein(s) interacting with this internal sequence. We generated stable cell lines capable of doxycycline-inducible expression of LANA or LANA deletion mutants containing N-terminal ZZ and C-terminal FLAG tags (Fig. 1A) . LANA expression was adjusted to levels similar to that of an infected tumor cell line (Fig. S1A ). To ensure the N-and C-tags did not disrupt LANA function, we assessed LANA episome maintenance activity. Cells expressing ZZ-LANA-FLAG or control FLAG-ZZ fusion proteins were transfected with p8TR-P, which contains eight TR copies, and cells placed under puromycin selection, for which resistance is encoded on p8TR-P. Puromycin-resistant colonies were expanded and assessed for episomes by Gardella gels (27) . LANAexpressing cell lines had episomal DNA in all lanes, whereas cells expressing ZZ-FLAG never contained episomes (Fig. S1B ), indicating preservation of LANA function.
Next, LANA-or LANA mutant-associated complexes were purified from cell extracts by sequential tandem affinity purification (TAP), and the final FLAG-peptide eluate was resolved by 4-12% gradient SDS/PAGE and visualized by silver staining (Fig. 1B) . Excision of bands and analysis by MS identified known LANA-associated proteins, including core histones. In addition, we identified the RFC complex, which consists of five subunits: Significance Kaposi's sarcoma herpesvirus (KSHV) latently infects tumor cells, and viral episomal DNA replicates once each cell cycle. KSHV does not express DNA replication proteins during latency. Instead, KSHV latency-associated nuclear antigen (LANA) recruits host cell DNA replication machinery to the replication origin. However, the mechanism by which LANA mediates replication is uncertain. Here, we show LANA recruits replication factor C, the DNA polymerase clamp [proliferating cell nuclear antigen (PCNA)] loader, in a critical step for viral DNA replication. Our findings suggest that PCNA loading is a ratelimiting step in DNA replication that is incompatible with KSHV persistence. LANA-enhanced PCNA loading is necessary for virus replication and persistent infection. These data reveal a therapeutic target for inhibition of KSHV persistence in malignant cells. RFC1, RFC2, RFC3, RFC4, and RFC5. Notably, RFC was only detected in the LANA and LANAΔ332-929 lanes. Broad coverage of peptides corresponding to the different RFC subunits was identified (Fig. S2) , suggesting a strong LANA interaction. To confirm the LANA-RFC interaction, we immunoprecipitated LANA from uninfected BJAB B lymphoma cells stably expressing LANA or from a KSHV-infected PEL cell line [body cavity-based B-cell lymphoma-1 (BCBL-1)] and found RFC1 specifically coprecipitated with LANA (Fig. 1C) . To identify the region of RFC interaction, we performed an immunoblot for RFC1 on TAP products for LANA and each LANA mutant (Fig.  1D ). RFC1 associated with LANA and LANAΔ332-939 but not with LANAΔ264-929 or other mutants, suggesting LANA residues 265-331 are critical for RFC association. LANAΔ332-929 precipitated RFC1 less efficiently than did LANA, suggesting that a sequence downstream of LANA residue 332 contributes to the association. Precipitation of LANA from BJAB cell lines stably expressing LANA, LANAΔ262-320, or LANAΔ288-320 demonstrated RFC only precipitated with LANA and LANAΔ288-320 (Fig. 1E) , implicating residues 262-287 are critical for RFC interaction. Of note, RFC1 coprecipitated modestly less efficiently with LANAΔ288-320 compared with LANA, as evidenced by the lack of increased RFC1 in the LANAΔ288-320 lane despite enhanced LANAΔ288-320 precipitation compared with that of LANA (Fig. 1E) . Therefore, it is likely residues downstream of LANA 287 are required for optimal RFC1 association. Overall, these results indicate RFC associates with LANA and identify residues 262-287 as critical for interaction. We hypothesized that LANA may recruit the RFC complex to facilitate viral DNA replication. We recently showed that LANA residues 262-320 are critical for efficient replication of TR DNA in B-cell lines (25) . To test this requirement in epithelial cells (which KSHV also infects), we performed a LANA-mediated DNA replication assay with LANA or LANA deletion mutants. A plasmid containing eight copies of the KSHV TR was purified from deoxyadenosine methylase (Dam) positive bacteria and transfected into 293T cells expressing LANA or LANA mutants. DpnI requires Dam methylation for digestion. After replication in mammalian cells, which lack Dam methylase, TR DNA is resistant to DpnI digestion. As expected, LANA had robust DNA replication activity (∼25-fold over control) ( Fig. 2A) , whereas replication was greatly diminished in the cells with LANA mutants (Δ264-929 and Δ262-320) that lack RFC interaction. In contrast, DNA replication was largely preserved in cells expressing LANAΔ332-929 or Δ288-320, which both retain RFC binding. The modest reductions in LANAΔ332-929 and LANAΔ288-320 replication are consistent with their less efficient RFC interaction compared with LANA ( Fig. 1 D and E) . The reduced replication activities were not due to reduced LANA expression in these mutants (Fig. 2B) .
To assess RFC's role in LANA-mediated DNA replication further, we constructed BJAB or BJAB/LANA cell lines with inducible knockdown for RFC1 expression and assessed LANA DNA replication in the presence or absence of ∼75% RFC1 knockdown (Fig. 2C) . LANA replication was robust in the absence of RFC knockdown but was substantially reduced after RFC knockdown (Fig. 2D) . Together, these results indicate that LANA's interaction with RFC1 is critical for efficient DNA replication. 
RFC Knockdown Results in Highly Deficient LANA-Mediated Episome
Persistence. We assessed the role of LANA's interaction with RFC in episome persistence. Because we recently showed that LANAΔ262-320, which cannot interact with RFC (Fig. 1E) , is substantially deficient for episome persistence (25), we addressed the impact of RFC1 knockdown on LANA function. Importantly, RFC1 knockdown had little or no effect on cell proliferation as assessed by cell outgrowth after limiting dilution (Fig. 3A) or by cell cycle analysis (Fig. S3 A and B) . Because RFC1 is essential for cell growth in yeast (28) , this finding indicates the knockdown did not exceed a threshold necessary for normal or near-normal cell growth. After transfection of p8TR DNA (encoding G418 resistance) into BJAB or BJAB/ LANA cells and seeding cells at 1,000, 100, or 10 cells per well in microtiter plates, outgrowth of G418-resistant cell lines was much more robust in BJAB/LANA cells compared with BJAB cells (Fig. 3B) . This result is due to the much higher efficiency of LANA episome persistence compared with integration, which occurs infrequently, and is required for p8TR persistence in the absence of LANA. However, after induction of RFC1 knockdown, LANA cell outgrowth was substantially reduced (Fig. 3B) . Further, Gardella gel analysis (27) of G418-resistant cell lines demonstrated markedly reduced levels of episomal DNA in the presence of RFC1 knockdown (Fig. 3C ). This reduction was not due to reduced LANA expression (Fig. 3D) . We also detected LANA by immunostaining in G418-resistant cell lines. LANA reorganizes from broad nuclear localization (Fig. 3E , arrowheads) in the absence of TR DNA to bright dots (Fig. 3E, circled  cells) at sites of TR episomes (7) . In RFC1 knockdown cells, the percentage of cells containing LANA dots was greatly reduced, and directly correlated with the amount of reduction in episomal DNA signal observed by Gardella gel analysis (27) (Fig. 3 E and  F) . For instance, RFC1 knockdown in cell line 3 had only ∼20% of cells with LANA dots (Fig. 3F ) and had only a small amount of episomal DNA by Gardella gel analysis (27) (Fig. 3C) . Therefore, RFC1 knockdown severely impairs LANA-mediated episome persistence.
RFC1 Is Critical for Persistence of KSHV Infection. Because the prior experiments used artificial episomes containing TR DNA, we also assessed the effect of RFC1 knockdown on BJAB B lymphoma cells latently infected with KSHV expressing GFP. Latent infection requires puromycin selection (encoded by the recombinant KSHV) for stable persistence. In the absence of selection, there is gradual loss of KSHV episomes because BJAB cells are not dependent on KSHV for viability. RFC1 knockdown (Fig. S4 ) accelerated GFP loss from infected cells (Fig. 4A) . Immunostaining at day 9 after removal of selection demonstrated loss of infection as evidenced by absence of LANA staining (Fig. 4B , arrowhead indicates no LANA staining; compare with presence of red LANA dots in circled cells) in ∼45% of cells with RFC1 knockdown compared with only ∼13% without knockdown (Fig. 4 B and C) . Therefore, RFC deficiency accelerates loss of KSHV infection from BJAB cells. We also assessed the effect of RFC1 knockdown in BCBL-1 PEL cells, which are naturally infected with KSHV. BCBL-1 cell outgrowth was reduced in cell line 3 with RFC1 knockdown (Fig.  4D ) after seeding at 1,000, 100, or 10 cells per well in microtiter plates (Fig. 4E) , consistent with loss of viral episomes, because BCBL-1 cells are dependent on latent KSHV infection for viability and proliferation. Further, Gardella gel analysis (27) demonstrated loss of both episomal and linear (from lytic replication) DNA only in cell lines 2 and 3 with RFC1 knockdown (Fig. 4 D and F) . This observation was further verified by realtime PCR of KSHV DNA (Fig. 4G) . Taken together, these results demonstrate that diminished RFC levels substantially compromise the persistence of KSHV infection.
LANA Promotes PCNA Loading onto DNA. Because RFC loads PCNA onto DNA, we wished to investigate the effect of LANA on PCNA loading. Purified LANA (Fig. S5) or PCNA was incubated with RFC bound to beads. As expected, RFC precipitated PCNA (Fig. 5A, lane 6) . RFC also efficiently precipitated LANA ( Fig. 5A, lane 7) , including in the presence of nuclease (Fig. S6) , indicating a direct interaction between LANA and the RFC complex. Interaction in the presence of nuclease excludes the possibility of indirect association of LANA and RFC through simultaneously binding common DNA molecules. We assessed RFC loading of PCNA onto a nicked DNA template containing TR DNA, which has the LANA binding site (LBS) and allows for specific LANA binding (Fig. S7) . PCNA loading onto DNA was dramatically enhanced in the presence of LANA compared with the absence of LANA, especially at lower RFC levels ( Fig. 5 B and C) . Therefore, LANA greatly enhances PCNA loading onto DNA by RFC.
Next, we assessed LANA's ability to recruit PCNA to TR DNA in cells. First, we used ChIP to assay for the presence of LANA, RFC1, and PCNA at TR DNA in KSHV-infected BCBL-1 cells. In addition to the expected presence of LANA, both RFC1 and PCNA were enriched at TR DNA (Fig. 5D) . To test whether PCNA enrichment is dependent on RFC binding to LANA, we performed RFC1 or PCNA ChIP after transfection of p8TR into BJAB cells, BJAB cells stably expressing LANA, or BJAB cells expressing LANAΔ262-320. RFC1 and PCNA were both substantially enriched in the presence of LANA. In contrast, LANAΔ262-320, which is deficient for RFC binding (Fig.  1E) , was unable to recruit either RFC or PCNA to TR DNA (Fig. 5E ). To test whether LANA, RFC, or PCNA enrichment at TR DNA is dependent on the presence of the LBS, we performed LANA, RFC1, or PCNA ChIP after transfection of DNA containing a single TR element, or DNA containing a TR element in which the two adjacent LBSs are deleted, into BJAB cells or BJAB cells stably expressing LANA. As expected, LANA was enriched at TR DNA but not at TR DNA deleted for the LBSs (Fig. S8A) . In the presence of LANA, RFC1 and PCNA were each substantially enriched at WT TR DNA but not at TR DNA deleted for LBSs (Fig. S8B) . Together, these data indicate that LANA recruits RFC to drive PCNA loading onto viral DNA and that the LBS is required for this function.
Discussion
This work defines LANA's interaction with the RFC complex as critical for KSHV DNA replication and viral persistence. Host and viral DNA replication is contingent on rapid and processive DNA synthesis. DNA polymerase tethering to the PCNA sliding clamp permits processive replication (29) . PCNA is a closed circle and requires RFC enzymatic activity to load onto and encircle DNA. RFC, an AAA+ clamp-loading ATPase, consists of five subunits (RFC1-RFC5) (26, 29, 30) . In alternative RFC complexes, other subunits substitute for RFC1 to function in specialized pathways, such as for DNA damage (26) .
Remarkably, ∼70% depletion of RFC1 had negligible effects on host cell growth but severely affected LANA's ability to mediate viral episomal replication and persistence. LANAΔ262-320, which does not interact with RFC (Fig. 1E) , is similarly deficient (25) . After origin recognition complex (ORC) binding and formation of the prereplicative complex, transition to DNA replication occurs as a progressive cascade of events. Loading of PCNA by RFC occurs in the latter stages of replication after DNA unwinding (31) . Why, then, is it critical for LANA to recruit RFC if this step normally occurs sequentially at host cell replication origins?
We suggest PCNA loading is a rate-limiting step in DNA synthesis that, although compatible with cellular replication, is incompatible with viral survival, and that LANA accelerates this step, driving KSHV DNA replication forward to enable viral persistence. Consistent with this model, LANA greatly enhanced RFC loading of PCNA onto DNA (Fig. 5) . Redundancy of replication origins (32) may allow the cell to tolerate substantial inefficiencies, such as those occurring in the setting of reduced RFC. In contrast, after infection, virus survival may be contingent on efficient progression of a single or limited number of prereplication complexes to active replication at TR DNA. The ∼180-kb KSHV genome is large compared with the typical cellular 50-to 150-kb DNA distances between origins (33), further reducing any margin for inefficiency. In addition, the guanine and cytosine-rich TRs comprise ∼20% of the KSHV genome and are regions of slower DNA replication and pausing (34, 35) , further contributing to the need for maximal replication efficiency. LANA interacts with and recruits ORCs to TR DNA, presumably to initiate a prereplicative complex (23, 36, 37) . Notably, LANA also interacts with replication protein As (38) and topoisomerase IIβ (39) , raising the possibility that these proteins may also function in downstream, rate-limiting steps. Additional, non-TR replication origins also occur in latent KSHV (34) . The observed virus loss with RFC deficiency suggests that these sites may be similarly sensitive to RFC deficiency, perhaps through LANA effects. Other episomal tumor viruses, including EBV, papillomaviruses, and polyomaviruses, may face similar needs to accelerate replication (40) (41) (42) (43) . Whereas EBV nuclear antigen 1 interacts with ORCs and other licensing factors (44) , Merkel cell polyomavirus (MCV) large T antigen recruits RFC to sites of MCV replication (45) , suggesting that acceleration of PCNA loading may also occur with MCV.
This work implicates LANA recruitment of RFC as an attractive target for disruption. LANA's enhancement of PCNA loading is critical for efficient viral replication and persistence. Therefore, strategies that inhibit LANA's interaction with RFC may be effective for virus eradication.
Materials and Methods
Cell Lines. Cell lines were maintained under standard conditions. The generation of LANA-expressing cell lines is described in SI Materials and Methods.
TAP and MS. TAP of LANA complexes from human cells was performed using cell lines stably expressing ZZ-LANA-FLAG or ZZ-LANA-FLAG mutants. MS identified coprecipitating proteins.
Fluorescence Microscopy. LANA was detected by immunofluorescent microscopy using a Zeiss microscope and magnification of 630×.
DNA Replication Assay. KSHV DNA replication assays were performed as described (46), with minor modifications described in SI Materials and Methods.
Episome Maintenance Assays. Episome maintenance was assessed in the presence or absence of RFC1 knockdown. Gardella gels (27) were used to assess the presence of episomal DNA. Loss of infection from BJAB/KSHV cells (47) was assessed by monitoring loss of GFP expression from the recombinant KSHV.
PCNA Loading Assay. RFC loading of PCNA onto nicked DNA containing the KSHV TR was assessed in the presence or absence of purified LANA as described in SI Materials and Methods.
ChIP Assays. Formaldehyde cross-linking and ChIP assays were performed as described (48, 49) , with some modifications as described in SI Materials and Methods.
